Abstract Functional neuroimaging has shown that multiple brain regions are active during volitional swallowing. Little is known, however, about which regions integrate motor execution and sensory feedback in the swallowing system. Although unilateral brain lesions in either hemisphere can produce swallowing deficits, some functional neuroimaging studies indicate that the left hemisphere has greater activation in certain sensory and motor-related swallowing regions. In this study, correlation coefficients were computed for five seed regions during volitional saliva swallowing to determine the functional relationships of these regions with the rest of the brain: the anterior and posterior insula, inferior frontal gyrus (BA44), primary sensory cortex (S1), and primary motor cortex (M1). A laterality index (LI) was derived that accounts for relative differences in total, positive connected voxels for the left/right hemisphere seeds. Clusters of significantly connected voxels were greater from the anterior and posterior insula than from the other three seed regions. Interactions of the insula with other brain regions were greater on the left than on the right during volitional swallowing. Group means showed laterality in the anterior insula (LI = 0.25) and the posterior insula (LI = 0.33). BA44 showed a lesser degree of difference in left versus right hemisphere interactions (LI = 0.12) while S1 did not show lateralization (LI = 0.02) and M1 showed some predominance of interactions in the right hemisphere (LI = -0.19). The greater connectivity from the left hemisphere insula to brain regions within and across hemispheres suggests that the insula is a primary integrative region for volitional swallowing in humans.
Introduction
Swallowing is a complex behavior with dynamic neural coordination at the cerebral as well as brainstem levels. Functional magnetic resonance imaging (fMRI) studies have identified anatomic regions that are active during swallowing, including the primary sensory and motor cortex, supplementary motor area (SMA), cingulate cortex, insula, operculum, prefrontal and inferior frontal cortex, basal ganglia, thalamus, and cerebellum (Hamdy et al. 1999; Kern et al. 2001a, b; Martin et al. 2001a Martin et al. , 2004 Lowell et al. 2008; Soros et al. 2008; Malandraki et al. 2009 ). The majority of these studies have addressed the individual or modular activation of various brain regions during swallowing and related tasks, but have not determined the functional relationships and integrative importance of these regions within the swallowing neural network. Among these modular studies of swallowing, laterality of brain function has been a topic of interest due to its implications for the management of swallowing disorders, which are frequently related to unilateral or bilateral cerebral vascular accidents (CVA). Whereas several studies have addressed hemispheric differences in modular activation of brain regions during swallowing, determining the laterality of functionally interacting regions would yield new information about the neural networks involved during volitional swallowing. Mosier and Bereznaya (2001) implemented a principal component analysis to determine whether functional connections between swallowing regions supported a hierarchical pathway organization involving serial components, or a multilevel organization involving parallel processing systems. Results indicated that multiple parallel pathways were involved in volitional swallowing, with network modules that included primary sensory and motor regions, motor planning regions, the inferior frontal gyrus (IFG), the insula and the cerebellum. Among these regions, anatomic lesion studies have indicated that the insula (Daniels et al. 1996; Daniels and Foundas 1997; Riecker et al. 2009 ), frontal operculum (Meadows 1973; Pender and Ferguson 2007) and primary sensorimotor cortex (Daniels et al. 1996) may be necessary for normal swallowing. Swallowing dysfunction occurs with isolated insular lesions (Daniels and Foundas 1997) and is frequently associated with damage to the sensorimotor cortex. Cortical regions just anterior to the primary motor cortex can evoke responses in swallowing musculature when transcranial magnetic stimulation is applied (Hamdy et al. 1996) , and electrical stimulation of similar regions in early human neurosurgery studies produced a swallowing response (Penfield and Boldery 1937) . The primary sensorimotor regions and the insula involve complex neural integration of sensory and motor information, with neural representation in the insula for multiple sensory components that include taste, temperature and proprioception (Francis et al. 1999; Craig 2003; Brooks et al. 2005) .
Lateralization of swallowing function has implications for the effects of neurological damage and the potential for recovery through contralateral hemisphere compensation . At the group level, neuroimaging studies have generally not shown an overall hemispheric predominance during swallowing across multiple brain regions (Hamdy et al. 1999; Martin et al. 2001a) . Data suggest that individuals may show an overall hemisphere predominance (Hamdy et al. 1996 (Hamdy et al. , 1997 ) that gets averaged out at the group level. Hemispheric lateralization of specific brain regions that are important in swallowing has been reported at the group level, but the findings are not always consistent. Volume and strength of activation in the insula has shown right hemisphere predominance in some studies (Hamdy et al. 1999; Kern et al. 2001a; Martin et al. 2001a ) and left hemisphere predominance in other studies (Dziewas et al. 2003; Watanabe et al. 2004) . Greater activity of the left hemisphere in the IFG/operculum and sensorimotor cortex is evidenced in some magnetoencephalography (MEG) and fMRI studies (Dziewas et al. 2003; Watanabe et al. 2004; Martin et al. 2007) , although this lateralization can vary by swallowing task (Mosier et al. 1999b; Martin et al. 2001a) .
Understanding more about the integration among swallowing regions for each hemisphere may help explain the occurrence of dysphagia with unilateral CVA, and may guide the application of rehabilitative techniques to regions that can maximally communicate with other areas of the brain. For example, rather than assessing laterality of activation for individual regions, an alternative approach is to determine the degree of lateralized connectivity that a given region shows throughout the brain. By studying differences in functional connectivity of left versus right hemisphere regions, relative communication of each to areas throughout the brain can be assessed. Degree of brain-wide communication of regions will fundamentally impact the resulting disruption after a CVA and the potential role of the region in recovery, which may require cross-communication with regions in the unaffected hemisphere .
The purpose of this study was to determine the functional interactions of several brain regions that are critical to the cortical control of swallowing, specifically the insula, primary sensorimotor cortex, and IFG, and to determine whether laterality of functional interactions is evidenced for each region during swallowing. Multiple analysis methods can be implemented to study functional interactions between brain regions (Horwitz 2003) , but several of these methods require prior knowledge of anatomical connections between regions and directionality of interactions (McIntosh et al. 1994; Marrelec et al. 2006a, b) . Validity of these analyses is dependent on accurate modeling (Friston 1994) . Knowledge of cortical anatomical pathways and their directionality in human swallowing is limited to inferences based on animal models (Sumi 1969; Car 1973; Jean and Car 1979; Miller 1986) or early clinical stimulation studies (Penfield and Boldery 1937) . The study of simple correlations (i.e., functional connectivity) between brain regions does not require anatomical modeling, but these correlations can be influenced by multiple factors such as stimulus-related inputs, common neural inputs or common synaptic connections (Friston 1994; Bokde et al. 2001) . To reduce the influence of stimulusbased inputs, we studied interactions of specified regions through correlations of the blood oxygen level dependent (BOLD) signal residuals that remained after all task, head motion and other modeled effects were removed.
Materials and methods

Participants
Fourteen healthy adults (7 males, 7 females, mean age 52 ± 10.4 years) participated in this study. All participants were native English speakers and had no history of neurological, swallowing, or psychiatric disorders. All participants provided written informed consent prior to participating in the study, which was approved by the Institutional Review Board of the National Institute of Neurological Disorders and Stroke, National Institutes of Health.
Tasks and equipment
Functional magnetic resonance imaging (fMRI) data were used to determine the functional connectivity of specific regions to the rest of the brain during swallowing. Data for this functional connectivity analysis were collected for a previously published study that addressed the univariate analysis of swallowing and related tasks (Lowell et al. 2008 ). The present study determined the functional interactions of regions during volitional, saliva swallowing, which was shown to be statistically equivalent to water swallowing in a prior study that addressed functional connectivity (Mosier and Bereznaya 2001) . Additional tasks that were included in the original study paradigm were oral-sensory (air-pulse) stimulation, covert swallowing and breath-holding. During air-pulse stimulation, participants received a series of air pulses directed to the right posterior oral area. Compressed air was transmitted through tubing inserted into a dental impression that was fit to the right posterior dentition. During covert swallowing, participants imagined what they feel and do during a saliva swallow, without actually completing a swallow. Before the scanning session, participants were trained to assure correct task performance. Swallowing and other tasks were visually cued with black and white images displayed via projector/screen using Eprime stimulus presentation software (Psychology Software Tools, Inc., Pittsburgh, PA).
For the volitional swallowing task, participants swallowed their own saliva once every 10 s (for three swallows per block) while minimizing any head motion. This swallowing interval has been successfully implemented by other researchers (Suzuki et al. 2003) and allows sufficient recovery time between swallows (Kleinjan and Logemann 2002) . Swallowing was continuously monitored using an MRI-compatible pneumatic belt placed on the neck at the thyro-hyoid level and adjusted to provide a maximum change during a swallow. This allowed verification of the cued swallow responses, as well as the determination of uncued swallows (which were added into the regression model to account for their effects). An additional pneumatic belt was placed over the abdomen to record abdominal movement during respiration for verification of breathholding. The resulting signals were displayed and recorded using a PowerLab 16/30 data acquisition system (ADInstruments, Inc., Colorado Springs, CO).
Functional image acquisition
Using a mixed design, three discrete swallowing trials were elicited every 10 s within a 30-s block, with an additional rest period of 10 s imposed after the third trial and prior to the next 30-s block. Thus, there was a 20-s gap between the last trial in one block/condition and the first trial in the next block/condition, sufficiently separating each condition. Each slow epoch trial was synchronized with continuous scanning and full brain coverage every 2 s. Each trial lasted for 3 s followed by 7 s of rest/fixation. Scanning onsets were synchronized to occur at 0, 2, 4, 6, and 8 s after trial onset. With a TR of 2.0 s, we sufficiently sampled the data to capture the form of the hemodynamic response for each of the three trials within a block. Three blocks of the volitional swallowing task were randomly presented among other tasks in each run. A total of 45 swallowing trials were collected, with 9 trials in each of 5 runs.
Images were acquired in a 3.0-T scanner (Signa, General Electric Medical Systems, Milwaukee, WI). Continuous scanning acquisition was used to collect echo-planar images during each scanning run using: TR = 2.0 s, TE = 30 ms, flip angle = 90°, FOV = 240 mm, 35 sagittal slices, and slice thickness = 4 mm (no gap), with 240 volumes acquired per run. Four initial scans were included at the start of each run to allow the signal to reach a steady state, which were then discarded from the data analysis. A high-resolution, T1-weighted structural scan for anatomic localization and co-registration was also collected using the following parameters: MPRAGE, TE = 3.0 ms, TI = 450 ms, flip angle = 10°, bandwidth = 31.25, FOV = 240 mm, slices = 128, and slice thickness = 1.3 mm (no gap).
Functional image analysis for correlations
To investigate functional interactions, we determined the correlation coefficients between designated seed regions Exp Brain Res (2012) 219:85-96 87 and all other brain regions, with seed regions derived from cortical sensory and motor regions that are consistently represented in swallowing. All image processing and analysis was performed using AFNI (Cox 1996) software. Multiple head motion parameters were implemented in the regression model to minimize false-positive activation, and a cluster threshold was used to correct for multiple comparisons (Soltysik and Hyde 2006) . Preprocessing steps included correction of slice acquisition timing, motion correction (three translation and three rotation parameters), spatial smoothing with a 4-mm full-width at half max Gaussian filter, and scaling by the voxel-wise mean across time to percent signal change. Uncued swallows throughout each functional run were entered as a separate regressor of no interest to control for their effects during other conditions. Hemodynamic response function (HRF) effects due to uncued swallows were therefore minimized from the results. Initial group univariate analysis of functional data was performed to generate the seed coordinates for the later correlation analysis. Response amplitude was estimated as a regression coefficient for each condition in a multiple linear regression model. The regressor corresponding to each condition was created using a fixed-shape, gammavariate hemodynamic response function (HRF) convolved with the durations (3-s boxcars) of all trials of that condition. Using this model, the idealized curves clearly showed three separate response peaks within each 30-s stimulus block of three trials, along with the expected overlap of the HRF tails. Each participant's amplitude coefficients were transformed to standard space (Talairach and Tournoux 1988) , and group activation maps were generated using a mixed effects analysis of variance (ANOVA). For generating the seed regions, five bilateral cortical regions of interest (ROIs) were selected to represent sensory, motor, or mixed sensory-motor regions whose importance has been demonstrated in swallowing (Hamdy et al. 1999; Kern et al. 2001b; Martin et al. 2001a Martin et al. , 2007 Suzuki et al. 2003; Lowell et al. 2008; Malandraki et al. 2009 ): the primary sensory (S1) and primary motor (M1) cortex, anterior and posterior insula, and IFG. ROIs were generated from neuroanatomical atlas plug-ins available in AFNI. Specific, constituent portions of large regions of interest were used to allow comparisons of seed regions across hemispheres. For S1, the cytoarchitectonic area 3b was chosen based on its highest maximum voxel activation in the univariate analysis relative to areas 1, 2 and 3a, and due to its importance in processing tactile sensation (Kandel et al. 2000) . For M1, area 4p was chosen based on its highest maximum voxel activation in the univariate analysis relative to area 4a, and due to its previously demonstrated role in laryngeal control (Simonyan et al. 2009 ). For the IFG, Brodmann's area (BA) 44 was selected based on its involvement in multiple univariate studies of swallowing (Hamdy et al. 1999; Mosier et al. 1999b; Martin et al. 2001a Martin et al. , 2007 . The cytoarchitectonic areas 3b, 4p and BA44 were extracted using maximum probability maps (Amunts et al. 1999 (Amunts et al. , 2004 Eickhoff et al. 2006a, b) and all other regions were extracted from macrolabel maps (Eickhoff et al. 2005) . The insula was subdivided into anterior and posterior portions for increased specificity. The overall mask for the insula was divided by placing all voxels anterior to the y-coordinate zero point into the anterior insula mask, and all voxels posterior to y = zero into the posterior insula mask.
Seed coordinates were then determined for each region from the maximum t statistic voxel based on the group activation maps (corrected P \ 0.05) from the univariate group analysis. See Table 1 for a list of all seed coordinates. Because maximally activated voxel clusters often spanned multiple atlas regions, seed coordinates for some neighboring ROIs such as the anterior and posterior insula were close to each other. Each participant's time series was converted to standardized space (Talairach and Tournoux 1988) so that subsequent correlation analyses were performed with voxel correspondence to the group activation maps. The following steps were implemented to produce the seed time series for our correlation analyses. For each participant, a concatenated voxel-wise time series was first generated, representing the residuals after all modeled effects (tasks, 6 motion parameters, uncued swallows) were removed from the time series. Next, a seed region with a 4-mm radius was designated for each apriori ROI around the seed coordinates specified in Table 1 . The data from the residuals were extracted at each ROI and then spatially averaged within the ROI. A task-specific seed time series was then generated that represented the mean signal for all voxels within the sphere. Each time series was limited to the TRs with a modeled BOLD response for the given task, with a separate time series generated for each of the four tasks. TRs that spanned each full 30-s stimulus block for the task plus the duration of the expected HRF were included, with all other TRs that were not relevant to the task removed. The remaining seed time series therefore represented the task-specific signal at the seed. Voxel-wise analysis of the task-specific, partial correlations was performed for each participant between the task-specific signal at the seed and the rest of the brain while controlling for all other modeled effects. The multiple linear regression equation for each participant and task included the task-specific seed time series as the main regressor of interest. To account for all sources of signal variation, main task effects, the six head motion parameters and uncued swallow effects were all included in the overall regression model. By removing all modeled effects and examining the correlations of the remaining task-specific signal fluctuations, correlations better reflect the signal that may be related to common neural inputs or connections rather than the variance of the model-related regressors. From the regression analysis, task-specific correlation coefficients were thus generated for each participant as the dependent variables. The variable of interest was the correlations of the volitional swallowing seed time series against the whole brain time series for that task. Correlation coefficients were then normalized to Z scores by applying Fisher's r-to-z' transformation.
Next, group maps of the Z scores were generated using mixed effects ANOVA. To correct for multiple comparisons, cluster thresholding was applied to all data based on a Monte Carlo simulation that produced a corrected familywise P value of \0.05 at an individual voxel threshold of P = 0.0001. To determine lateralization of connectivity for specific seed regions, a laterality index (LI) was computed based on comparisons of total volume of significantly activated voxels in each hemisphere (Simonyan et al. 2009; Gaillard et al. 2011; Niskanen et al. 2012) . The LI formula that we used accounts for connectivity both within and across hemispheres (Liu et al. 2009 ). The relative differences in total, positive connected voxels that exceeded the corrected, cluster threshold were computed for each left/ right hemisphere seed region and its corresponding left/ right hemisphere target, using the following formula in which LL is the left seed, left hemisphere connectivity, LR is the left seed, right hemisphere connectivity, RL is the right seed, left hemispheres connectivity, and RR is the is the right seed, right hemisphere connectivity:
LIs were computed to address the lateralization of S1, M1, BA44 and the anterior and posterior insula during volitional swallowing. In addition, contrasts were performed with Z score seed maps to determine any statistically significant differences between hemispheres.
Results
All results are provided as Z score transformations of correlations that showed significant connectivity after cluster thresholding was applied (corrected P \ 0.05). Functional connections across multiple brain regions were demonstrated for all seed regions and were predominantly positive correlations. Of the total volume of significant correlations for each seed region during volitional swallowing, positive correlations represented 98.0 % for the insula as the seed region, 97.8 % for the primary motor cortex as the seed region, 92.9 % for the primary somatosensory cortex as the seed region, and 97.4 % for the BA44 as the seed region. Therefore, lateralization analyses focused on positive correlations to represent consistent types of interactions across regions.
Group lateralization of connectivity
To determine the extent of lateralized connectivity during swallowing, LIs were computed for the significantly correlated voxels that survived after cluster thresholding (corrected P 
Anterior insula
The LI for the anterior insula during volitional swallowing was 0.25. Volume of connectivity for the anterior insula was large and spanned both hemispheres. When considering the left and right hemisphere seeds, bilateral regions that were significantly connected to the anterior insula included the cerebellum, thalamus and basal ganglia regions, claustrum, lingual gyrus and cuneus/precuneus and other occipital lobe regions, insula, inferior, middle and superior frontal gyrus, multiple portions of the temporal and parietal lobes, primary sensorimotor cortex, secondary somatosensory cortex, cingulate gyrus (all portions), and the SMA. Connectivity for the left anterior insula as seed was predominantly symmetrical in the left and right hemispheres, whereas connectivity for the right anterior insula as seed showed greater volume in the ipsilateral hemisphere.
A contrast was performed to determine significant differences in brain connectivity for the anterior insula, left versus right hemisphere seeds (Fig. 1a) . Surviving voxels for the left [ right contrast (positive, red-tone voxels) showed substantially more brain regions and greater volume of connected voxels (20,250 mm 3 ) than the right [ left contrast (negative, blue-tone voxels, 2,160 mm 3 ). Brain regions showing significantly more connectivity for the left versus right hemisphere seed included the putamen, insula, inferior, middle and superior frontal gyrus, anterior cingulate, and the precentral gyrus regions in the left hemisphere. Brain regions showing significantly more connectivity for the right versus left hemisphere seed were limited to the cerebellum and insula in the right hemisphere. However, interpretation of cerebellar connectivity is complicated by the fact that cortico-cerebellar fibers cross over to the contralateral side.
Posterior insula
The LI for the posterior insula during volitional swallowing was 0.33. When considering the left and right hemisphere seeds, regions that were significantly connected to the posterior insula were similar to those that were described for the anterior insula. Connectivity for the left posterior insula as seed was symmetrically represented in the left and right hemispheres, whereas connectivity for the right posterior insula as seed showed greater volume in the ipsilateral hemisphere.
A contrast was performed to determine significant differences in brain connectivity for the posterior insula, left versus right hemisphere seeds (Fig. 1b) . Surviving voxels for the left [ right contrast showed substantially more brain regions and greater volume of connected voxels (7,317 mm 3 ) than the right [ left contrast (1,485 mm 3 ). Brain regions showing significantly more connectivity for the left versus right hemisphere seed included the amygdala, lingual gyrus, putamen, insula, IFG, and the precentral gyrus regions in the left hemisphere. Brain regions showing significantly more connectivity for the right versus left hemisphere seed were limited to the insula in the right hemisphere.
Inferior frontal gyrus (BA44)
The LI for the IFG (BA44) during volitional swallowing was 0.12. Volume of connectivity for the IFG included large regions throughout the brain and was represented bilaterally and relatively symmetrically in both hemispheres. Regions with significant connectivity included the cerebellum, thalamus and basal ganglia regions, claustrum, lingual gyrus and cuneus/precuneus, multiple occipital lobe regions, insula, inferior, middle and superior frontal gyrus, inferior, middle and superior temporal gyrus, primary sensorimotor cortex, premotor cortex, secondary somatosensory cortex, cingulate gyrus (all portions), inferior parietal lobe, and the SMA.
A contrast was performed to determine significant differences in brain connectivity for the IFG (BA44), left versus right hemisphere seeds (Fig. 2) . Surviving volume of voxels for the left [ right contrast (1,377 mm 3 ) was numerically greater than the volume of connected voxels for the right [ left contrast (918 mm 3 ). Brain regions that showed significantly greater connectivity for either contrast were in symmetrical locations of each hemisphere that only included the BA44 region.
Primary sensory cortex (area 3b)
The LI for S1 (area 3b) during volitional swallowing was 0.02. Volume of connectivity for S1 included regions throughout the brain and was represented bilaterally and generally symmetrically in both hemispheres. When considering the left and right hemisphere seeds, bilateral regions that were significantly connected to S1 included the cerebellum, thalamus and basal ganglia regions, lingual gyrus and cuneus/precuneus and other occipital lobe regions, insula, inferior, and middle frontal gyrus, superior temporal gyrus, supramarginal gyrus, right and left inferior parietal lobe, primary sensorimotor cortex, secondary somatosensory cortex, middle cingulate gyrus, and the SMA.
A contrast was performed to determine significant differences in brain connectivity for S1 (area 3b), left versus right hemisphere seeds (Fig. 3) . Surviving voxels for the left [ right contrast were nearly identical in volume (1,215 mm 3 ) to the right [ left contrast (1,269 mm 3 ). Brain regions that showed significantly greater connectivity for each contrast were symmetrically represented and were limited to a focal area that included areas 3a and 3b of S1, areas OP1 and OP4 of the secondary somatosensory cortex, and area 4p of M1.
Primary motor cortex (area 4p)
The LI for M1 (area 4p) during volitional swallowing was -0.19. Volume of connectivity for M1 included regions throughout the brain and was represented bilaterally and relatively symmetrically in both hemispheres. When considering the left and right hemisphere seeds, bilateral regions that were significantly connected to M1 were nearly identical to those regions described for area 3b as seed, although connectivity to the cingulate cortex was more extensive from area 4p as the seed than it was for area 3b.
A contrast was performed to determine significant differences in brain connectivity for M1 (area 4p), left versus right hemisphere seeds (Fig. 4) . Surviving voxels for the left [ right contrast were minimal (702 mm 3 ) as compared to the volume of connected voxels for the right [ left contrast (19,359 mm 3 ). Brain regions that showed significantly greater connectivity for the left hemisphere seed were limited to a focal area that included M1 (area 4p) and premotor cortex (BA6). Brain regions that showed significantly greater connectivity for the right hemisphere seed spanned multiple brain areas, including the cerebellum, thalamus, insula, superior temporal gyrus (STG), secondary somatosensory cortex (OP1, OP4), inferior, middle, and superior frontal gyrus, BA44, S1 (areas 3a, 3b, 2), M1 (areas 4a, 4p), precuneus, supramarginal gyrus, premotor cortex (BA6), and SMA.
Individual laterality of swallowing connectivity
Although computations for this study focused on group data, the individual patterns of lateralized connectivity were also of interest. Using the same LI computation method described above for the group data, we computed the LIs of each individual participant for the five seed ROIs. A stringent voxel-wise threshold of P = 0.000001 was applied, with an additional cluster threshold to correct for multiple comparisons that produced a family-wise, corrected P \ 0.001 (based on Monte Carlo simulation). Only the voxels that survived this stringent thresholding were included in the LI computations.
As seen in Table 2 , all seed regions showed individual LIs that included negative and positive values, indicating a mixture of right and left hemisphere predominance in swallowing connectivity. Area 4p within the primary motor cortex showed the greatest trend toward right hemisphere predominance of connectivity across individuals, with 13 of the 14 participants demonstrating negative LI values and no participant showing LI values greater than 0.30. In area 3b of the somatosensory cortex, 10 of the 14 participants showed negative LI values. In BA44, 9 of the 14 participants showed positive LI values. Finally, for the anterior and posterior insula, 8 and 9 of the 14 participants, respectively, showed positive LI values. No participant showed consistent hemispheric laterality across all ROIs; a mixture of positive and negative LI values was evidenced within each individual for the five seed regions studied.
Discussion
This study is the first to address laterality of functional interactions between brain regions during swallowing. Degree of lateralized, functional connectivity for designated seed regions to areas throughout the brain was studied by computing the correlations of the residuals after all task and other modeled effects were removed. Functional connectivity at the group level was lateralized to the left hemisphere for the posterior insula and to a lesser extent the anterior insula, with the left IFG also showing somewhat greater interactions than the right. Primary somatosensory cortex showed no lateralization and primary motor cortex showed some right-hemisphere predominance of functional interactions. Volume of connectivity from the left insula to areas throughout the brain was numerically highest among the bilateral ROIs that were studied. The insula is a multifunctional region, with roles that may relate to both sensory and motor components of swallowing. Univariate fMRI swallowing studies have consistently demonstrated the involvement of the insula, but findings are mixed as to whether there is a right or lefthemisphere lateralization of this region (Martin et al. 2001a; Watanabe et al. 2004 ). Watanabe et al. (2004) found that activation of the insula was strongly lateralized to the left in the preparation and initiation stages of swallowing as studied through MEG, whereas several studies using fMRI have shown lateralization to the right insula (Hamdy et al. 1999; Martin et al. 2001a ). Interestingly, our own previous univariate analysis of the current data also showed lateralization to the right insula during volitional swallowing. In that study, a univariate analysis showed nearly equivalent activation of the right and left hemispheres for the majority of regions of interest except the insula, which showed a volume of activation that was nearly three times greater in the right hemisphere (5,616 mm 3 , P \ 0.01 corrected) than in the left (2,079 mm 3 , P \ 0.01 corrected). Our current finding that functional interactions for these data are lateralized to the left insula emphasizes the differences between univariate analyses that present the contributions of multiple regions in isolation, and the current analysis of functional connections between interacting brain regions involved in volitional swallowing. In our current study, interactions were not only greater for the left insula but also were distributed substantially both within and across hemispheres, indicating that the left insula is involved in greater neural cross-talk to ipsilateral and contralateral brain regions than the right insula. The posterior insula showed definitive lateralization, with the anterior insula showing less pronounced lateralization to the left. In previous univariate studies, swallowing has evoked activation of both anterior and posterior portions of the insula (Martin et al. 2001b (Martin et al. , 2004 Malandraki et al. 2009 ).
Primary taste cortex is located within the insula, and taste stimulation strongly activates this region (Francis et al. 1999 ). The insula is also involved in the processing of touch (Rolls 2004) , sense of volitional movement and proprioception (Hallett 2007) , and processing of temperature stimuli (Brooks et al. 2005) . Sensory inputs are critical in swallowing (Jean and Car 1979; Jean 2001) , and their ability to evoke a motor swallowing response is dependent upon the processing and integration of that sensory information. Thus, the specialized functions of the insula may be important to the processing of taste, texture, and size aspects of the bolus being swallowed while sensing awareness of the tongue and other structures that are moving the bolus through the oral cavity. The neural connections of the insula to primary somatosensory cortex (Mesulam and Mufson 1984; Rolls 2004 ) and premotor cortex (Mesulam and Mufson 1984) are well suited for processing oral-tactile sensory information and communicating with both sensory and motor-related regions. Our results therefore support the findings by Watanabe et al. (2004) , suggesting that the left insula contributes heavily to the initiation of the swallow by processing sensory elements and interacting with widespread brain regions in both hemispheres that include primary sensorimotor cortex. The importance of left hemisphere anatomical connectivity in swallowing is supported by the findings of Cola et al. (2010) , in which disruption of anatomical tracts in the left periventricular white matter was associated with dysphagia in 60 % of acute stroke patients, whereas no patients who had right hemisphere damage to the same region showed subsequent dysphagia.
Although not as pronounced as the insula, the results of the current study showed that functional interactions from the IFG to other brain regions were somewhat greater in the left hemisphere as compared to the right. Neural connectivity between closely approximated regions such as the insula and IFG, and from those regions to other brain regions, is likely to be more similar than connectivity from disparate regions. Therefore, our findings of somewhat greater functional interactions for the left BA44 within the IFG, which is closely situated to the insula, may be associated with the increased likelihood of connecting neural pathways. Similar regions of the frontal operculum have shown left lateralization during univariate studies of swallowing (Dziewas et al. 2003) . Functional connectivity of the IFG has been demonstrated in other laryngeal control activities such as voicing, and the lateralization to the left hemisphere for the overall laryngeal motor cortex is demonstrated in simple voicing activities involving speech (Simonyan et al. 2009 ).
Comparisons of hemispheric differences in the functional interactions between the primary sensorimotor cortex and other brain regions showed differing patterns than those for the insula and IFG. For the region within S1 as seed, functional connectivity was equivalent between the left and right hemispheres, indicating that neural connectivity for primary somatosensory cortex was similar in both hemispheres. Connectivity for the M1 cortical region was somewhat greater in the right hemisphere in the current study . Several previous imaging studies have addressed lateralization of volume or degree of univariate activation of the combined primary sensorimotor cortex. This research has in some cases shown a strong left-lateralization of the primary sensorimotor cortex (Dziewas et al. 2003; Martin et al. 2004 Martin et al. , 2007 , and in other cases shown bilateral activation with variability across tasks or individuals (Hamdy et al. 1999; Mosier et al. 1999b) . Some studies that included lesion-based analysis of patients post-stroke have shown that right hemisphere deficits are associated with longer durations of pharyngeal stage events and greater frequency of aspiration when swallowing liquids (Robbins and Levin 1988; Robbins et al. 1993 ). However, other researchers have found that pharyngeal phase swallowing deficits can occur at similar frequency after either right or left hemisphere stroke (Alberts et al. 1992; Daniels et al. 1996; Daniels and Foundas 1999) . Teismann et al. (2009) used MEG to study the timing of lateralization patterns for univariate brain activity, capitalizing on the substantially better temporal resolution of MEG relative to fMRI. These researchers suggested that there is a time-dependent shift in lateralized swallowing activity of the primary sensorimotor cortex, with the left hemisphere predominating in the early stages of swallowing followed by bilateral activity and finally right-lateralized activity in the later swallowing stages. It is possible that the functional connections from the primary sensorimotor cortex are greatest in the mid to later stages of the swallow process, producing the bilateral and right-hemisphere focused connectivity patterns evidenced in our results. However, in the present study we addressed the functional connectivity of specific sub-regions (areas 3b and 4p) of the primary sensorimotor cortex to other brain regions; an alternative possibility is that functional connectivity for other areas of S1/M1 would yield different patterns of lateralization.
In studies of acute, post-stroke patients, damage to the insula in either hemisphere is frequently associated with dysphagia (Daniels et al. 1996; Foundas 1997, 1999) although not always associated with risk of aspiration (Daniels and Foundas 1999) . These studies have mostly addressed the swallowing deficits of patients that occur within 1 month of stroke onset, and indicate that left/ right differences in the association of insula damage with dysphagia are not evidenced. However, it is possible that hemispheric differences after damage to the insula may occur in the swallowing recovery stage, several months after the onset of the stroke. Recovery from dysphagia after stroke is associated with increased evoked motor responses in the side contralateral to the lesion , implying a compensatory role of the contralateral hemisphere . Based on our findings, it is possible that the compensatory capacity of the left insula during swallowing recovery may be greater than that of the right insula due to its greater connectivity to areas throughout the brain that span both the right and left hemisphere. However, our results pertain to people with normal swallowing skills only. Lesion localization studies that determine the prevalence of dysphagia in patients 6 months or more post-onset of stroke, and studies that determine hemispheric dominance for swallowing before and after stroke in people with dysphagia, are needed to determine the compensatory role of functional connectivity in dysphagia.
Examination of the individual data showed that lateralization patterns were generally consistent with the group results, but that multiple combinations of hemispheric predominance contributed to the group laterality findings. All seed regions that we studied showed individuals with LIs that included negative (right hemisphere connectivity greater than left) and positive (left hemisphere connectivity greater than right) values. The primary motor cortex showed the greatest consistency of right hemisphere predominance at the individual level, and a similar right hemisphere focus was seen for this region at the group level. For the other seed regions, the negative or positive sign value for the group LI matched the majority count of individuals within each ROI for all regions except area 3b, in which the group LI was near zero but the majority of individual LIs showed a right hemisphere predominance.
Of interest was the individual variability in hemispheric dominance for swallowing connectivity, which is consistent with previous univariate, neural swallowing studies that indicate substantial variability in overall hemispheric dominance for swallowing (Hamdy et al. 1996; Martin et al. 2001a) . Furthermore, the lack of consistency in hemispheric predominance that was evidenced within each individual across the five seed ROIs has been previously demonstrated in a univariate fMRI study (Mosier et al. 1999b) . Mosier et al. (1999b) found that within an individual, the dominant hemisphere varied for multiple swallowing-related cerebral regions. Future studies are needed to further examine the individual patterns of hemispheric dominance for the neural connectivity of swallowing regions (Hamdy et al. 1996; Mosier et al. 1999b) .
This study addressed the lateralized connectivity of several cortical brain regions that are known to be important in swallowing; the scope of cortical regions was purposely limited to those associated with sensory, motor and combined sensorimotor functions to facilitate interpretation of results. However, other cortical regions are known to be important to swallowing, including the supplemental motor area and cingulate cortex (Hamdy et al. 1999; Mosier et al. 1999a; Mosier and Bereznaya 2001; Martin et al. 2007 ). Likewise, multiple subcortical and white matter regions of the brain are involved in normal swallowing (Mosier et al. 1999b; Mosier and Bereznaya 2001; Martin et al. 2004; Malandraki et al. 2009 ) and when damaged after stroke, may be associated with dysphagia (Alberts et al. 1992; Daniels and Foundas 1999; Gonzalez-Fernandez et al. 2008; Cola et al. 2010) . Lesions that affect subcortical white matter regions such as the internal capsule and periventricular white matter have shown a higher association with dysphagia after CVA than several other cortical and subcortical regions (Daniels and Foundas 1999; Gonzalez-Fernandez et al. 2008) , with dysphagia frequently following damage to the left periventricular lesions but not right periventricular regions (Cola et al. 2010) . These white matter tracts may provide critical connections between brainstem, subcortical and cortical areas and when a functional disconnection of these tracts occurs, dysphagia is a likely consequence (Cola et al. 2010) . Future studies that implement tractography would be needed to address laterality of the internal capsule and periventricular white matter connections with cortical regions.
In conclusion, we found that at the group level, the insula showed left lateralization during volitional saliva swallowing, with the posterior insula having the most pronounced LI. The IFG region showed somewhat greater functional interactions for the left hemisphere, without definitive lateralization. In contrast, S1 did not show any lateralization and M1 showed some predominance of connectivity in the right hemisphere. Our results suggest that unilateral brain damage to the primary somatosensory cortex may allow greater compensatory mechanisms in recovery than unilateral damage to the insula, which appears to have greater left-lateralized, functional connections both within and across hemispheres. Future studies incorporating techniques such as diffusion tensor imaging with fMRI would be useful for specifying the neural pathways and their directionality in human swallowing. This knowledge of directionality in human swallowing pathways would then allow effective connectivity analysis to determine the effect of one brain region on another. Furthermore, comparisons of volitional to automatic swallowing and water to saliva swallowing would be useful for determining whether lateralization patterns for specific brain regions vary across tasks.
